Surface Electromyography (sEMG) activities of the four muscles were studied from twelve healthy subjects to analyze muscle fatigue. Data were recorded while subjects performed isometric exercises for a period of time until fatigue. The signal was segmented with 5000 samples to enable the evolutionary process. Based on the mean power spectrum and Median Frequency (MDF) of each segment, we developed a methodology that is able to detect the signal into a meaningful sequence of Non-Fatigue to Transition-to-Fatigue. By identifying this transitional fatigue stage, it is possible to predict when fatigue will occur, which provides the foundation of the automated system that has the potential to aid in many applications of our lives, including sports, rehabilitation and ergonomics.
Introduction
Localized muscle fatigue occurs after a prolonged, relatively strong muscle activity. This is referred to as the process of a decline in force during a sustained muscle activity; the inability to exert any more force or power defined as physiological fatigue [1] [2] [3] . Localized muscle fatigue cause serious injury when the level of fatigue is high [8] . Muscles that are fatigued absorb less energy before they are stretched to such a degree it causes injuries. Three parts of localized muscle fatigue are described on the electromyogrphic signal: Non-Fatigue, Transitionto-Fatigue, and Fatigue [4] [5] [6] 10, 11, [19] [20] [21] . Non-Fatigue is when the fresh muscle is able to exert its maximum force. Fatigue relates to the onset of fatigue during a muscle contraction. Transition-To-Fatigue is the step between them and its detection can prevent muscle injury where the measurement is inherently lost. Once the onset of Transition-to-Fatigue is detected, what follows is a progressive process until fatigue onset is achieved. By identifying this transitional fatigue stage, it is possible to predict when fatigue will occur, which provides the foundation of the automated system that has the potential to aid in many applications of our lives, including sports, rehabilitation and ergonomics [12] .
Due to the variability of inter-person muscle characteristics, there is no simple function or method for muscle load and timing that defines a precise muscle fatigue threshold [2, 9] . Surface electromyography (sEMG) technique records electrical activities of the muscle as a non-invasive technology where signals can be analyzed to detect muscles on Transition-toFatigue by examining the changes in measurements; as a highlight to predict the onset of the fatigue class. It was recently found that the changes due to fatigue in the sEMG signal are detected as increased in amplitude and decreased on frequency [8] .The electrical impulse is carried down the motor neuron to the muscle. Muscle fatigue causes Motor Unit (MU) recruitment and the MU firing rate increases as a function of the elapsed time suggesting that the recruitment of MU firing rates correlates with sEMG amplitude of the motor unit action potential (MUAP) detected [7, 8] .
It is common to study the sEMG in both the time and frequency domains. The Fourier Transform allows representation as a function of frequency rather than time, revealing its individual frequency components. Using Fast Fourier Transform (FFT) in equation 2, as a method for calculating the discrete Fourier Transform, is suitable for use in stationary signals, stochastic process whose joint probability distribution does not change when shifted in time or space. Two of the most common frequency-dependent features in sEMG analysis are the mean frequency (MNF) and median frequency (MDF) [8, [14] [15] [16] [17] [18] . These two features are mostly applicable in sustained contraction: the mean frequency (MNF) is the average frequency of the power spectrum and is defined as its first-order moment; and the median frequency (MDF) is the frequency at which the spectrum is divided into two parts of equal power as indicated [13] .
In this study, a mathematical model was used to predict the stage of Transition-to-Fatigue during Isometric Exercise using sEMG segmented assessment for the lower extremities. The data were segmented with 5,000 samples. The MDF of each segment were calculated and modeled with a regression poly-nomial [5] . The slope of each segment was also calculated for detection of Transition-to-Fatigue stage.
Modeling Equations
The following modeling equations applied in this study also shown in a sequence order in Figure 1(a) .
The sEMG raw data consist of the sum of Motor Unit Action Potential (MUAP) [6] shown in equation (1):
x n h r e n r w n
where ( ) x n is modeled EMG signal, ( ) e n is point processed represents the firing impulse, ( ) h r represents the MUAP, ( ) w n zero mean addictive white Gaussian noise and N is the number of motor unit firings.
By applying Fast Fourier Transform (FFT) to the sEMG raw data, the Discrete Fourier Transform (DFT) is computed as indicated using equation (2), where the result is used for decompose the signal into various frequency components as magnitude and angle.
where 0
are complex numbers to calculate the Power Spectrum.
MDF is defined as that frequency that divides the power density spectrum into two regions having the same amount of power and was calculated by using a bisection search method [7] .
Polynomial Regression Models was used as an alternative when transformations cannot linearize the relationship. ± 8.46 cm; mass: 86.0 ± 17.29 kg; BMI: 28.8 ± 3.60) volunteered to participate in this study. This research was approved by the UTEP's Institutional Review Board (IRB) for human subjects' studies. The experimental procedure was explained to the subjects and all participants were asked to sign a written informed consent before testing.
Data Acqusition
EMG signals were recorded with BTS ® bipolar chloride surface EMG (sEMG) electrodes. Following skin abrasion with an alcohol soaked cotton pad, electrodes were placed on the respective muscle bellies: Soleus (Sol), Tibialis Anterior (TA), Gastrocnemius Lateralis (GL), and Vastus Lateralis (VL).
Each subject was asked to repeat the isometric exercise (see Figure 1(a) ) in the following sequence of four tests: one minute followed by one minute break, another one minute followed by one minute break, two minutes followed by two minutes break, and final three minutes. Subjects can stop anytime as their capabilities. From the 12 healthy subjects, five could complete all four tests and seven had to stop after the third test. The first two tests were were-up task, and the third and/or fourth tests were analyzed to predict the Transition-to-Fatigue (fatigue task).
Data Analysis
The EMG signals were stored on computer with a sampling frequency of 2000 Hz. Fast Fourier Transform was then applied into the raw data using equation (2), to calculate the Power Spectrum for consecutive 2.5-s window (i.e. The signal was segmented with 5000 samples) throughout the whole fatigue task. From equation (3), the mean power spectrum was calculated in order to obtain the Median Frequency (MDF). The Polynomial Regression Models in equation (4) were calculated for each 2.5-s window or segment, and the value of this linear slope in equation (5) and the number of the consecutive segments were used to predict the Transition-to-Fatigue stage. Figure 2(b) illustrates the data processing and analysis procedure. Figure 2 illustrates the prediction of Transition-to-Fatigue stage of the eight muscles on one subject. It was not found the Transition-to-Fatigue on right TA, left GL, and left Sol during the fatigue test. The Transition-to-Fatigue was defined with the decrease in the MDF of the EMG signals that typically occurs towards the end of exhausting isometric contractions. The first muscle Transition-to-Fatigue occurred on this subject was right VL, followed by right GL, right Sol, left VL, and left TA. The decreased MDF (negative slope) in the Transition-to-Fatigue stage varies from -68.38 to -82. 15 . All twelve subjects' data EMG analyses were shown in Table 1 .
Results

Discussion
Generally, different EMG activities were observed between subjects with regards to the slope and time length of the MDF studies. However, this study also investigated that Vastus Llateralis (VL) was the most predominantly affected muscles Right GL - 
There was no Transition-to-Fatigue found in subject 3, and 5 on any muscles.
during Transition-to-Fatigue in this isometric exercise compared with other three muscles. There were seven subjects which showed Transition-to-Fatigue on VL, followed by Tibialis Anterior with six subjects and the Soleus with five subjects. Gastrocnemius Lateralis was the least affected muscle in this isometric exercise. The muscle activities were different between four muscles of both sides in a subject. The example subject in figure 1 shows pronounced decrease in MDF on right-side VL, GL and Sol for a long period of time (last for 10 segments on the right VL), but not in the left-side muscles.
This methodology is based on mathematical models to evaluate muscle Transition-to-Fatigue during isometric exercise using a surface Electromyography segmented assessment for the lower extremities. From this study we conclude that:
• Detection of the Transition-to-Fatigue stage is important because it will soon progress the fatigue onset. By identifying this transitional fatigue stage, it is possible to predict when fatigue will occur; • The segmented data assessment was useful methodology for the detection of Transition-to-Fatigue; • Muscle activities can vary across the subjects due to anthropometric differences, but also vary from different muscles in a subject's left and right side of the legs.
•
This methodology also provides insight into the contributions that functional differences between muscles have on lower extremity disorders as well as serve as an index of underlying change in neuromuscular function before injury and in conjunction with injury treatment and rehabilitation; • Future researchers should examine these muscles in a clinical and sports population as well as in response to specific interventions.
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